We have developed a new pulse contour cardiac output (PulseCO) algorithm based on frequency analysis studies of the arterial system. PulseCO was compared with thermodilution cardiac output (TDCO) in 10 patients undergoing cardiac surgery. Results from one patient were unsuitable for analysis. In the remaining nine patients, 142 TDCO determinations were compared with PulseCO after logarithmic transformation and after being normalized by the initial cardiac output in each patient. Each determination was usually the average of three measurements. Least squares regression gave y=0.77x (r 2 =0.81) and the limits of agreement were from ±26% to +21%. The accuracy of PulseCO in determining short-term changes in cardiac output was assessed by comparing the ratios of consecutive PulseCO determinations with the ratios of the corresponding, consecutive TDCO determinations. Least squares regression gave y=0.71x (r 2 =0.70) and the limits of agreement were from ±21% to +25%. After phenylephrine had been given to ®ve patients, PulseCO showed an increase in systemic vascular resistance consistent with the known pharmacological actions of the drug. The PulseCO algorithm was incorporated into a computer program that acquires arterial pressure data from an analogue-todigital converter and displays beat-to-beat trend values. 
The concept that the arterial pulse contour might be used to infer cardiac output (CO) goes back to at least 1904. 1 In 1970, Kouchoukos and colleagues 2 investigated a`systolic area' pulse contour method to estimate stroke volume from the area under the systolic part of the arterial pressure waveform. Since then, a number of other researchers have pursued this approach by adding various correction factors 3±5 and a three-element Windkessel model has also been used to derive CO. 6 7 In humans, these methods have not been shown to be accurate when there are large changes in haemodynamic state; for example, errors have been reported with changes in systemic vascular resistance (SVR). 7 8 The arterial blood pressure waveform measured in a peripheral artery arises from the interaction between the arterial system and the heart. Left ventricular ejection creates a wave that travels (usually at 6±10 m s ±1 ) through the arteries and is re¯ected from the periphery. At any point in the arterial system, a measured waveform may be decomposed into its forward and backward components. In the aorta, viscous effects are negligible so that components of¯ow and pressure travelling in the same direction are similar in shape. Theoretically, if wave re¯ection were absent, then the pressure and¯ow contours in the aorta would be identical, their magnitudes being related by the aortic characteristic impedance. Differences between the pressure and¯ow contours in the aorta occur because backward waves result in augmentation of the pressure but retardation of the¯ow.
The relationship between the forward and backward waves can vary considerably. For example, if the SVR decreases, re¯ection at the arterial±arteriolar junctions will lessen, reducing the backward wave in the aorta. 9 Small doses of nitroglycerine cause arterial dilatation, which can reduce wave re¯ection with minimal changes in SVR and in the mechanical properties of the aorta. 10 11 The mechanical properties of the aorta and other large arteries govern the pulse wave velocity and consequently the timing of wave re¯ection.
The aortic pressure waveform is governed by the relationship between pressure and¯ow in the aorta (aortic input impedance) and also by the aortic¯ow itself. Normally, the ventricle acts neither as a pure`pressure source' nor as a pure`¯ow source', 12 wave re¯ection augmenting aortic pressure and retarding¯ow. However, in heart failure the ventricle acts as a`pressure source' and re¯ected waves returning before aortic valve closure do not signi®cantly augment the pressure because the ventricle cannot generate the required increase in wall tension. Instead the re¯ected wave has a greater effect upon the¯ow, which is signi®cantly retarded, and pressure augmentation is only observed once the aortic valve has closed.
Pulse contour methods must attempt to track changes in CO and SVR despite changes in ventricular ejection and in wave re¯ection. Previous approaches to pulse contour analysis have been justi®ed theoretically by simple models 2 6 13 but these do not account for wave travel. However, frequency analysis has been widely used to characterize the arterial system.
14 There are many studies in which aortic input impedance has been calculated, in vivo and in computer simulations, and used to interpret ventricular±vascular interaction. The relationship between forward and backward waves can be quanti®ed precisely by aortic input impedance in the frequency domain and the relationship between aortic pressure and radial artery pressure has also been investigated with similar mathematical techniques.
The aim of this study was to develop a new pulse contour CO algorithm with a direct link to recent frequency analysis studies of the arterial system and to design a robust algorithm that was more accurate than existing pulse contour methods. The algorithm was assessed by comparison with thermodilution cardiac output (TDCO) measurements in 10 patients undergoing cardiac surgery.
Patients and methods

New pulse contour algorithm Notation
The following abbreviations are used below: |X| 1 , the modulus of X at the frequency of the ®rst harmonic; Z AII , aortic input impedance; T A±RA , aorta to radial artery transfer function. Throughout this report,`aortic¯ow' refers to the velocity of blood and impedance refers to the relationship between pressure and velocity, as recommended by Nichols and O'Rourke for studies of vascular impedance.
14 All equations presented below and in the appendix are intended to be used in the range 0.5±2.0 Hz (30±120 min ±1 ).
General approach
The algorithm is based upon the ®rst harmonic of the arterial pressure waveform. In relating the ®rst harmonic of the arterial pressure to CO, a series of approximations is made. These include the relationship between |radial artery pressure| 1 and |aortic pressure| 1 ; the relationship between |aortic pressure| 1 and |aortic¯ow| 1 ; and the relationship between |aortic¯ow| 1 and CO. This can be stated mathematically as
This can be restated as:
The approximations for (CO/|aortic¯ow| 1 ), |Z AII | 1 and |T A±RA | 1 are presented in the Appendix. CO is calculated each beat from the beat duration, ejection duration, mean arterial pressure (MAP) and the modulus and phase of the ®rst harmonic of the waveform. (The age and sex of the subject are also used in the calculation.) The algorithm calculates relative changes in CO and requires calibration so that absolute values can be displayed.
Arterial pressure processing
The radial (or brachial) arterial pressure recording concurrent with each TDCO measurement was converted to digital form and stored. A program written with Matlab (MathWorks, Inc.) was used to analyse the arterial pressure traces using the equations described in the Appendix. Microsoft Excel (Microsoft Corporation) was used to perform statistical analysis of the results. The equations were also implemented using C (Symantec C/ C++; Symantec Corporation) to verify the Matlab code and to ensure that the algorithm could display the information effectively on a beat-by-beat basis in`real time', whilst acquiring data from an analogue-to-digital converter.
Patients
Study subjects Ten patients were studied during cardiac surgery. No patient had known aortic valve incompetence and all gave written informed consent to be included in the study, which was approved by St Thomas' Hospital Research Ethics Committee.
Protocol
After induction of anaesthesia, a thermodilution pulmonary artery catheter sheath was placed in the right internal jugular vein. An arterial cannula (20-or 18-gauge) was inserted into a radial or brachial artery, according to the usual practice of the anaesthetist. Anaesthesia was maintained with iso¯ur-ane.
We used a monitor with an analogue output card (Hewlett Packard, Andover, MA, USA) so that the blood pressure could be recorded on tape (R-61 or RD-130T; Teac Corporation, Tokyo, Japan). A Baxter 150 cm pressure tube connection and Baxter Truwave PX-600F transducer (Baxter Edwards Critical-Care, Irvine, CA, USA) were used to measure arterial pressure. A`pop-test' 14 showed that these had a¯at (T5%) frequency response up to 2.25 Hz (natural frequency 9.8 Hz, damping ratio 0.24). Once monitoring of the patient in the operating theatre had started, a thermodilution pulmonary artery catheter (Baxter Edwards Critical-Care or Abbott Laboratories, North Chicago, IL, USA) was advanced through the right atrium and right ventricle into the pulmonary artery so that a wedge pressure was achieved with a balloon in¯ation of 1±1.5 ml air. When the position of the catheter was satisfactory, CO measurements were started.
We took an opportunistic approach to TDCO measurements to maximize the information about CO obtained from the pulmonary artery catheter. Dextrose (10 ml, at room temperature) was used as the injectate and a thermistor on the injection port was used to measure the injectate temperature. If possible, groups of three measurements were made whenever the state of the patient changed or at least every 10 min. TDCO measurements were not attempted when there were gross dysrhythmias (this only affected the pre-bypass period of patient 2) and more than three measurements per group were made if there appeared to be excessive variability. Each measurement was made during a brief period of apnoea and fast running infusions were halted to improve accuracy. 15 PulseCO was derived from the arterial pressure recording concurrent with each TDCO measurement.
In a further group of ®ve patients, the response to a low dose (0.25 mg or 0.5 mg) bolus injection of phenylephrine was investigated using PulseCO. Written informed consent was obtained and the study was approved by St Thomas' Hospital Research Ethics Committee.
Statistical evaluation
For each patient, individual measurements of TDCO and PulseCO were plotted against time. The SVR derived from each TDCO and PulseCO value was also plotted because of reports that existing pulse contour algorithms are inaccurate when there are changes in SVR. 7 The calibration factor was chosen so that the ®rst TDCO and PulseCO determinations were the same in each patient.
For the remaining analysis, TDCO outliers were identi®ed from the graphs of TDCO against time and excluded (3.8% of the TDCO measurements were rejectedÐsee Figure 1 ). If there was only one remaining TDCO measurement in a group, the entire group was excluded from further analysis. The TDCO and PulseCO measurements in each group were then averaged (the averaged values of a group will be referred to as a determination).
Pulse contour CO methods are intended to track changes in a patient's CO after calibration (using a dilution technique) in that individual. It is misleading to pool the calibrated results from a number of patients with different COs because the range of the pooled, calibrated COs may be much greater than the CO range in any individual patient. A correlation with the dilution technique is then inevitable, as a result of the calibrations, even if the ability of the method to track changes in an individual patient is poor. The statistical evaluation performed here attempts to overcome this problem.
For each method, the ®rst CO determination in each patient was used to normalize the CO determinations from that individual. For the remaining determinations, (PulseCO/PulsoCO start ) was compared with (TDCO/ TDCO start ) (where the subscript`start' refers to the ®rst determination in that patient). This comparison tests the ability of PulseCO to estimate the`within-patient change' in CO, expressed as a percentage of the starting CO. The method of analysis described by Bland and Altman 16 was used for the comparison, including logarithmic transformation of the data. Bland and Altman provide a worked example of such an analysis. The intercept of the regression line was set to zero so that the regression line passed through the`start' values.
In order to investigate further the ability of PulseCO to track short-term changes in CO, the ratio of consecutive PulseCO determinations was compared with the ratio of the corresponding, consecutive TDCO determinations. Thus, (PulseCO i+1 /PulseCO i ) was compared with (TDCO i+1 / TDCO i ), where i corresponds to the determination number. Again, the method of analysis described by Bland and Altman 16 was used. The comparison of consecutive ratios is not statistically independent of the comparison of withinpatient change (for example, a perfect agreement in one implies perfect agreement in the other). However, both tests were performed in order to give an indication of long-term as well as short-term accuracy.
Results
All 10 patients (nine males and one female) had coronary artery bypass grafts and patient 2 also had a mitral valve replacement. In patient 2, the number of determinations obtained before cardiopulmonary bypass was limited by dysrhythmias (see Patients and methods) and the dicrotic notch could not be detected in any of the post-bypass pressure waveforms (see Figure 2 ), so this patient was excluded from further analysis. In the other nine patients, the dicrotic notch was identi®ed reliably from the arterial pressure waveform corresponding to all but ®ve of the remaining 494 TDCO measurements (these ®ve were also excluded). The arterial pressure recording corresponding to one TDCO measurement was rejected because the waveform was damped. A new approach to pulse contour analysis Figure 1 shows the trend plots for CO and SVR in each patient. Every TDCO measurement and corresponding PulseCO value is indicated on these graphs; they allow qualitative interpretation of the raw data. Nineteen of the 494 TDCO measurements (3.8%) were rejected because the TDCO values were incompatible with the patient's haemodynamic state (see Figure 1 ). For example, in patient 4, the three TDCO measurements at 40 min varied from 1.5 to 7.9 litres min ±1 despite a stable arterial pressure and heart rate. The remaining TDCO measurements were used to obtain 151 TDCO determinations (on average, there were 3.06 measurements per determination). Table 1 shows the age, height, weight and the ranges of MAP, TDCO and SVR values in each patient (SVR being calculated from MAP and TDCO). Figure 3 shows the Bland±Altman analysis for the within-patient change estimated by each method ((PulseCO/PulseCO start ) against (TDCO/TDCO start )). Log-transformed data were used for the analysis. 16 The axes are labelled with the corresponding back-transformed values for ease of interpretation. Figure 4 shows a similar comparison of the ratios of consecutive
The data were reanalysed with inclusion of the 19 TDCO measurements that were rejected (see above). The limits of agreement for the comparison of (CO/CO start ) were ±27% to +21% (previously ±26% to +21% (Figure 3) ). The limits of agreement for (CO i+1 /CO i ) were ±21% to +26% (previously ±21% to +25% (Figure 4) ). The lack of impact of the excluded thermodilution measurements upon the limits of agreement was a result of the small number of measurements that were rejected.
The standard error of TDCO measurements, assessed using one-way analysis of variance, was 9%. On average, there were 3.06 measurements per determination, so the expected error for each determination (precision) was 9/ 3X06 p = 5% (assuming a bias of zero). In the ®ve patients in whom the response to a bolus injection of phenylephrine was measured, the changes in SVR and CO between the time of injection and the time of the initial peak in MAP were recorded. On average, MAP increased from 71 (SD 9) mm Hg to 95 (SD 14) mm Hg. PulseCO indicated an associated increase in SVR by 59 (SD 35) % with a small fall in CO (4.4 (SD 1.4) litres min ±1 to 3.8 (SD 1.5) litres min ±1 ).
Discussion
We have used the ®rst harmonic of the arterial pressure waveform as the basis of a new algorithm for deriving CO. This was done because the pressure measurement systems used in the clinical setting have a poor frequency response and because aortic input impedance and the aorta±radial artery pressure transfer function are both more predictable at low frequencies. To develop an equation for predicting aortic input impedance, we used results from an anatomically and physiologically realistic model of the arterial system 17 18 in conjunction with equations to estimate the elastic properties of the aorta from MAP (as well as the patient's age and sex). 19 20 The ejection duration (relative to the total cycle duration) and the phase of the ®rst harmonic of the radial artery pressure are used to distinguish between changes in ventricular ejection and changes in wave re¯ection (see Appendix).
There are circumstances when the assumptions made in developing the algorithm will not be met. In any particular patient, it is assumed that the pulse wave velocity and changes in aortic cross-sectional area are only dependent upon MAP. Drugs that affect smooth muscle tone can alter the properties of the aorta independently of pressure, although the extent of this effect is small relative to the other effects that are induced. 10 11 These changes to the mechanical properties of the aorta are associated with changes in wave re¯ection caused by alterations to smooth muscle tone in the muscular arteries. Hence, the effects might be predictable from changes in the estimated phase of the aortic input impedance.
To estimate the ®rst harmonic of the aortic pressure, the pressure transfer function from the aorta to radial artery is assumed to be constant (i.e. a function of frequency alone). Radial artery pressure is usually reliable. However, it is well known that radial artery pressure can occasionally become unrepresentative of a patient's central haemodynamics. This can occur during high-dose vasopressor therapy 21 and after cardiopulmonary bypass. 22 If the gross features of the arterial waveform become severely distorted, the waveform is unsuitable for analysis and any estimation of CO will become unreliable.
The algorithm may be inaccurate when there are marked changes in the ejection pro®le relative to the ejection duration (see Appendix). In particular, the¯ow patterns sometimes observed in hypertrophic cardiomyopathy 14 could result in large errors. In patients with aortic incompetence,¯ow through the aortic valve will not be zero during diastole, as was assumed for the development of the algorithm. We are developing a method to detect conditions when the arterial pressure waveform is unsuitable for analysis or when recalibration should be performed. Bolus thermodilution was used to measure CO for the comparison with pulse contour analysis because it is the most commonly used method and because measurements can be made in rapid succession. However, it does not provide an unequivocally correct measurement. In this study, steps were taken to minimize thermodilution inaccuracies (see Patients and methods); the precision of TDCO measurements in this paper is close to the value obtained by other investigators in non-surgical critical care settings. 23 Nevertheless, the calculated error for each TDCO determination was 5% and this contributed to the differences between PulseCO and TDCO.
Pulse contour methods for calculating CO require calibration using another method. Thermodilution or the less invasive lithium dilution method 24 could be used for this purpose. The limits of agreement between PulseCO and TDCO indicate that clinically signi®cant differences can occur between the methods. For this reason, we suggest that before major clinical decisions are taken, the calibration should be checked. The need to recalibrate could be triggered by the PulseCO algorithm when large changes to the predicted aortic input impedance have occurred. In particular, the agreement between PulseCO and TDCO would have improved if recalibration had been performed in patients 5 and 8 ( Figure 1) .
A pulse contour algorithm based upon the three-element Windkessel model has previously been compared with thermodilution in eight cardiac surgical patients. 6 The limits of agreement between pulse contour CO and quadruple thermodilution determinations were ±14% to +18% (meanT2SD) once a calibration had been performed before induction of anaesthesia. However, the range (minimum±-maximum) of CO was small (mean range 2.2 litres min ±1 ) compared with the present study (mean range 3.9 litres min ±1 ) and there were fewer TDCO determinations per patient.
There are several possible reasons why this algorithm may be more accurate than the pulse contour method based upon the three-element Windkessel model. First, our algorithm incorporates a model of the pressure transfer from the aorta to the radial artery, whereas radial pressure is Linton and Linton assumed to be equal to aortic pressure in the three-element Windkessel method. Second, our algorithm uses a model of the arterial system in which wave re¯ection is well represented, whereas in the three-element Windkessel model, wave travel phenomena are not characterized. In a previous study, the three-element Windkessel model reproduced the gross features of aortic input impedance in dogs, but invasive aortic¯ow measurements were used to optimize the parameters of the model. 25 Therefore, that study has limited applicability to pulse contour analysis because these¯ow measurements are not available in patients.
A version of the three-element Windkessel algorithm has been investigated, that has been modi®ed by a correction factor to reduce the effects of MAP upon arterial impedance; details of this modi®cation have not been published. 7 The algorithm can be inaccurate when there are changes in SVR. 7 In 10 patients the device was recalibrated after cardiac surgery and then a phenylephrine infusion was administered for 20 min. On average, the initial CO was 6.1 litres min ±1 and bolus thermodilution showed no signi®cant change at the end of the infusion (average thermodilution was then 5.7 litres min ±1 ); the MAP increased because of a 62 (SD 29)% increase in SVR. However, the modi®ed threeelement Windkessel algorithm indicated an average increase in CO of 3.2 litres min ±1 (P<0.05) and so the increase in SVR induced by the infusion was seriously underestimated. Applying the pulse contour algorithm to femoral artery pressure may have exacerbated these errors because the relationship between femoral artery pressure and aortic pressure would be expected to change with changes in the re¯ection coef®cient of vascular beds in the trunk (see Appendix).
When we assessed the response to a bolus injection of phenylephrine, the PulseCO algorithm indicated a 59% increase in SVR and a small decrease in CO. This response is consistent with the changes determined by Ro Èdig and colleagues 7 using thermodilution, after the administration of a phenylephrine infusion. PulseCO was also accurate in conditions when the SVR changed but the MAP remained the same ( Figure 5 ) as well as conditions when the changes in SVR were small relative to changes in MAP ( Figure 6 ).
The PulseCO algorithm estimates changes in CO and SVR with an immediate response time and is likely to be more accurate than clinical estimations of such changes. Other methods for determining CO continuously are available. For example, continuous thermodilution has been assessed recently, 26 27 with the authors concluding that it is reliable enough for clinical use. However, the response time to changes in CO is slow (minutes), the device is unreliable during rapid infusion of¯uids, and pulmonary artery catheterization is required. PulseCO may be useful in the management of unstable patients when rapid haemodynamic changes are occurring or when treatment is being adjusted. It may also be useful in stable patients for detecting changes that might otherwise have gone unnoticed, such as a progressive decrease in CO compensated by an increase in SVR.
The algorithm was successfully incorporated into a computer program written in C. This allows the arterial pressure data to be analysed whilst it is being acquired with an analogue-to-digital converter. Optimal display of the information obtained from the PulseCO algorithm can maximize the clinical usefulness of the method. The display has trend plots that show beat-by-beat changes with an immediate response time and can follow the effect of interventions such as giving vasoactive drugs. This study has shown that the PulseCO algorithm has advantages over other pulse contour methods and can estimate CO continuously and simply from a minimally invasive measurement.
Appendix
Details of the new pulse contour algorithm Below, |X| 1 and f(X) 1 are the modulus and phase of X at the frequency of the ®rst harmonic (if the subscript`1' is omitted, the description is valid for any frequency). A is the cross-sectional area of the aorta, v is the pulse wave velocity in the thoracic aorta (m s ±1 ) and f is the frequency (Hz). Other abbreviations are de®ned in the text. Throughout this report,`aortic¯ow' refers to the velocity of blood and impedance' refers to the relationship between pressure and velocity, as recommended by Nichols and O'Rourke for studies of vascular impedance.
14 All equations presented below are intended to be used in the range 0.5±2.0 Hz (30±120 min ±1 ). Approximations for (CO/|aortic¯ow| 1 ), |Z AII | 1 and |T A±RA | 1 are required:
Aortic input impedance (Z AII ) Karamanoglu and colleagues 17 described a model consisting of 128 arterial segments to represent realistically the dimensions and branching patterns found in humans. Each segment is modelled as a thin, tethered viscoelastic tube. They investigated`young' and`old' models of the arterial tree, the difference between these models being the pulse wave velocity, which was 10.0 m s ±1 for the`old' model and 6.7 m s ±1 for the`young' model. The aortic input impedance of arterial tree simulations was presented for both models with different re¯ection coef®cients at arterial terminations.
At low frequencies, reduction of the re¯ection coef®cient makes the phase of the aortic input impedance less negative and reduces the modulus. Therefore, changes in the phase of the aortic input impedance can be used to estimate changes in the modulus of aortic input impedance that occur with changes in wave re¯ection. The following equation uses the phase of the aortic input impedance, pulse wave velocity and frequency to predict the magnitude of the aortic input impedance. We developed the equation to provide an approximation (within 5%) to both the`young' and the`old' data presented by Karamanoglu and colleagues (when the appropriate values for the pulse wave velocity are used): For the PulseCO algorithm, pulse wave velocity in the thoracic aorta (v) is calculated from MAP as well as age and sex, using a relationship found by other workers. 6 19 A factor of 1.2 was included to relate the dynamic elasticity to the static elasticity. 20 Equation (3) provides a smooth interpolation of |Z AII | for different values of pulse wave velocity that are obtained.
Equation (3) requires the phase of the aortic input impedance. This is the difference between the phase of the aortic pressure and the phase of the aortic¯ow:
f(Z AII )=f(radial pressure)±f(T A±RA )±f(aortic¯ow) [5] f(radial pressure) can be calculated directly from the arterial pressure waveform. Approximations for f(T A±RA ) and f(aortic¯ow) will be described.
Aortic¯ow
It is assumed that there is no¯ow in the proximal aorta during diastole, i.e. that there is a perfectly competent aortic valve. Approximations for (CO/|aortic¯ow| 1 ) and f(aortic ow) are required from the radial artery pressure waveform (for equations (2) and (5)). The following equations are used:
The aortic cross-sectional area (A) is calculated using the relationship derived by Langewouters and co-workers. 19 Only relative values of CO can be determined using pulse contour analysis because of the variability of aortic crosssectional area between different subjects. In order to obtain absolute values, calibration with another device is required. The absolute CO is then obtained by multiplication with a calibration factor.
Equations (6) and (7) were derived from an ejection¯ow pro®le that was considered to be typical. As described in the Introduction, the heart interacts with re¯ected waves in different ways. An increase in wave re¯ection could result in the ejection waveform becoming more skewed to the left (especially if the ventricle was acting as a`pressure source'). This would result in overestimation of f(aortic ow) 1 and hence the increase in wave re¯ection would not be accounted for fully. However, the change in aortic input impedance would still be detected to some extent because the phase of the ®rst harmonic of the arterial pressure is also in¯uenced by the diastolic part of the waveform, in which the proximal aortic¯ow is stationary. These errors are also smaller when the ejection duration is short relative to the duration of the cardiac cycle.
Equations (6) and (7) might be improved by developing other indices of the pressure waveform to indicate situations where changes in the ejection pro®le have occurred. For example, detection of a biphasic (`bisferiens') pulse could indicate the unusual¯ow waveforms that can occur during hypertrophic cardiomyopathy. 14 
Aorta to radial artery pressure transfer (T A±RA )
In addition to studies of aortic input impedance, Karamanoglu and colleagues used the same modelling techniques to investigate pressure transmission from the aorta to the radial artery. 18 The transfer function (T A±RA ) was obtained and plotted for a series of simulations in which several of the model parameters were varied. The results show that there may be considerable variation of the transfer function. However, the transfer function varies least in the low frequency ranges (those that are required for the ®rst harmonic of the arterial pressure) and studies in humans have shown this variation to be less than expected. 28 29 The equations used to approximate T A±RA are:
Equation (9) represents the phase difference relative to the phase shift that occurs because of the transit time. Equations (8) and (9) agree well with published experimental data obtained in humans. 28 29 It is assumed that these equations would also be appropriate for the relationship between aortic and brachial artery pressure.
The use of our algorithm with femoral artery pressure is not advisable. The most important sites of wave re¯ection with respect to aortic input impedance are the vascular beds of the trunk. 17 Changes in the re¯ection coef®cient of these beds would be expected to change the relationship between the pressure in the ascending aorta and that in the abdominal aorta (as well as arteries distal to this). For this reason, the algorithm should be used with arterial pressure obtained from the upper limb. Pressure measured in the ascending aorta could also be used if equations (8) and (9) are omitted.
